Abstract Breathing is a vital behavior that is particularly amenable to experimental investigation. We review recent progress on three problems of broad interest. (i) Where and how is respiratory rhythm generated? The preBötzinger Complex is a critical site, whereas pacemaker neurons may not be essential. The possibility that coupled oscillators are involved is considered. (ii) What are the mechanisms that underlie the plasticity necessary for adaptive changes in breathing? Serotonin-dependent longterm facilitation following intermittent hypoxia is an important example of such plasticity, and a model that can account for this adaptive behavior is discussed. (iii) Where and how are the regulated variables CO 2 and pH sensed? These sensors are essential if breathing is to be appropriate for metabolism. Neurons with appropriate chemosensitivity are spread throughout the brainstem; their individual properties and collective role are just beginning to be understood.
INTRODUCTION
We breathe no matter what. Breathing movements start episodically in utero, are continuous at birth and, except for the briefest of pauses, continue without respite. The neural circuits underlying breathing must be wired correctly by birth and must change on the fly as the lungs and respiratory muscles mature and then age. These circuits must be stable yet responsive to challenges affecting O 2 , CO 2 , and pH levels in the body, such as exercise, sleep, and hypoxia. They must be well coordinated with other movements generating air flow, such as speech, and airway reflexes, such as cough or sneeze, as well as movements impacting the respiratory muscles and lungs, such as locomotion. Longer-lasting disturbances demand adaptive solutions; for example, breathing must be adjusted to accommodate physical changes associated with weight gain and loss, pregnancy, or disease. Breathing is 240 FELDMAN MITCHELL NATTIE also a special behavior from an experimental perspective because its systems level activity is present in reduced vertebrate preparations, even in vitro. Here we review recent progress in three critical aspects of breathing that should be of particular interest to neuroscientists (see also Funk & Ramirez 2002 , Richter & Spyer 2001 s RHYTHMICITY: Where and how is the rhythm of breathing generated? Rhythmic movements like breathing are fundamental, complex behaviors. The neural mechanisms underlying generation of respiratory rhythm in mammals are particularly accessible to experimental investigation. s PLASTICITY: What are the characteristics and underlying mechanisms of longterm changes in breathing? The onset of a respiratory infection and changing environmental conditions (e.g., ascent to altitude, development and aging of the lung and chest wall, a change of weight, or pregnancy) require substantial changes in respiratory motor output to maintain blood gas homeostasis. Given the exceptional experimental models, breathing is a useful adaptive behavior to study. s CHEMOSENSITIVITY: Where and how are breathing-regulated variables CO 2 / pH sensed and processed in the brain? Critical sensory information is provided by CO 2 -sensitive central chemoreceptors, which affect synaptic drive necessary for rhythm generation and modulate respiratory pattern to protect the brain from changes in CO 2 and pH. Neurons throughout the brain are local environmental sensors, e.g., for temperature, osmolality, and CO 2 /pH. Central chemoreception is an excellent model for complex, distributed CNS environmental sensory feedback systems.
RHYTHMICITY
A previous Annual Review on this topic (Rekling & Feldman 1998 ) focused on two hypotheses: (i) The preBötzinger Complex (preBötC) contains the kernel for generating respiratory rhythm; (ii) neurons with voltage-dependent pacemaker properties underlie the generation of respiratory rhythm. While considerable data support these hypotheses, recent work suggests that a reevaluation is needed.
PreBötC as a Site for Rhythm Generation
Respiratory rhythm is generated by brainstem neurons (Figure 1) . A ventrolateral column extending from the facial nucleus to the spinal cord contains respiratory premotor neurons projecting to spinal and cranial respiratory motoneurons and propriobulbar neurons. A small portion near the rostral end of this column, necessary for in vitro neonatal rodent medullary slice preparations to generate respiratory-related motor nerve output, was designated the preBötC (Smith et al. 1991) . Perturbations of neuronal function in and around this area severely disrupt breathing in adult mammals , Fung et al. 1994 , Hsieh et al. 1998 , Ramirez et al. 1998 , Solomon et al. 1999 ), but the absence of a clear anatomical marker for preBötC neurons hindered understanding of the sometimes contradictory results. Gray and colleagues (1999) focused on peptides that change respiratory frequency when applied directly to the preBötC, i.e., Substance P (SP) and opioids, assuming their receptors might identify rhythmgenerating neurons. Neurons expressing the neurokinin 1 receptor (NK1R; the receptor for SP) demarked a limited region of the rodent ventrolateral respiratory column (as well as other medullary regions, many of which are central chemoreceptor sites-see below), and their presence was proposed to identify the preBötC (Gray et al. 1999) . These preBötC NK1R neurons rarely express the GABA synthetic enzyme GAD67, the glycine transporter GlyT2, tyrosine hydroxylase, or choline acetyltransferase (Wang et al. 2001a) ; express the glutamate transporter VGLUT2 (Guyenet et al. 2002a) ; and are immunoreactive for glutamate (Liu et al. 2001) . This finding suggests that the preBötC NK1R neurons are excitatory (Gray et al. 1999) . Preproenkephalin (PPE) further divides NK1R neurons into two groups rostrocaudally (Guyenet et al. 2002a) : PPE+ neurons tend to be larger, more caudal, and bulbospinal; PPE-neurons are smaller, more rostral, and propriobulbar. Moreover, not all NK1R neurons at the rostral end of the ventrolateral respiratory column are propriobulbar; the caudal-most NK1R neurons are bulbospinal (Makeham et al. 2001 , Wang et al. 2001a . Given the generally held view that bulbospinal respiratory neurons do not participate in rhythmogenesis, the preBötC should be defined as that portion of the NK1R population containing propriobulbar neurons. Guyenet & Wang (2001) investigated the firing properties of preBötC NK1R neurons and made a remarkable finding. In anesthetized adult rats, all preBötC neurons that fired with a preinspiratory firing pattern expressed NK1R, whereas those with different respiratory-modulated patterns did not. Thus, a subset of the propriobulbar preBötC NK1R neurons constitute a well-defined class of neurons with many common properties that may underlie rhythm generation.
The rostral part of the ventrolateral respiratory column shows a distinct parcellation with respect to a number of additional markers. Subsets of NK1R neurons express µ-opiate (Gray et al. 1999) or somatostatin (P.A. Gray and J.L. Feldman, unpublished observations) receptors or somatostatin mRNA (Guyenet et al. 2002b) . The Ca 2+ binding proteins, parvalbumin, calretinin, and calbindin, label distinct parts of this region (Alheid et al. 2001) . Parvalbumin neurons are caudal and rostral to the preBötC but are rarely within it. Calretinin colocalizes with neurons at the caudal end of the NK1R cluster, which may represent bulbospinal NK1R neurons and may overlap with the PPE+ bulbospinal neurons (Guyenet et al. 2002a) . The significance of these phenotypic differences remains to be determined.
Lesioning NK1R PreBötC Neurons Profoundly Affects Breathing
Bilateral injections of the conjugate of the toxin saporin and Substance P (SP-SAP), which is specific to neurons expressing NK1R (Mantyh et al. 1995 (Mantyh et al. , 1997 , into the preBötC of adult rats can produce a striking transformation in breathing pattern (Gray et al. 2001 . Affected (preBötC with an ataxic pattern in wakefulness, characterized by an irregular sequence of inspiratory efforts of near-normal amplitude interspersed with prolonged periods of low amplitude inspiration (Figure 2 ). Some lesioned rats were unaffected by the toxin, the principal difference between affected and unaffected lesioned rats being the degree of preBötC NK1R neuron loss; affected rats lost at least 75% of these neurons bilaterally.
Ventilatory responses of preBötC NK1R− rats to changes in inspired CO 2 are markedly depressed. They respond to hypoxic levels well tolerated by control rats with apneas of increasing, eventually fatal duration. When breathing pure O 2 , ventilation in preBötC NK1R− rats is further depressed, with some rats developing fatal apneas. This response is presumably due to hyperoxic inhibition of peripheral chemoreceptor activity.
Because mice lacking either the NK1R or SP continue to breathe (Cao et al. 1998 , De Felipe et al. 1998 , Ptak & Hilaire 1999 , Telgkamp et al. 2002 , NK1Rs per se are not critical for breathing. Rather, NK1Rs mark preBötC neurons that are necessary for normal rhythm generation and are required for normal chemoreceptor responses. In the absence of preBötC NK1R neurons, the ataxic breathing pattern could be generated by other structures that may or may not normally contribute to breathing rhythm, including: (i) nonNK1R preBötC neurons, ventral respiratory group or other respiratory neurons (Dobbins & Feldman 1994) including the preinspiratory network (see below); (ii) vestigial brainstem rhythmogenic networks (Champagnat & Fortin 1997 , Straus et al. 2000 ; or (iii) suprapontine structures normally underlying voluntary or emotional control of the respiratory muscles.
Pacemaker Neurons May Not Be the Kernel for Normal Rhythm Generation
Respiratory-related rhythm in vitro persists after blockade of Cl − -mediated synaptic inhibition (Feldman & Smith 1989 , Onimaru et al. 1989 ), which suggests that pacemaker neurons present in the preBötC generate the rhythm (Del Negro et al. 2001 , Koshiya & Smith 1999 , Rekling & Feldman 1998 , Smith et al. 1991 . Attention has focused on the persistent sodium current (I NaP ) as driving the pacemaker potential, leading to periodic bursting in these neurons (Del Negro et al. 2002a . If the pacemaker hypothesis is correct, then abolishing pacemaker neuron behavior in the preBötC should severely perturb or stop respiratory rhythm. When voltage-dependent pacemaker activity was blocked with the I NaP antagonist riluzole in 50/50 preBötC neurons studied in slices from neonatal rodents (<P5), respiratory-related rhythm was unaffected (Del Negro et al. 2002b) . These negative results must be interpreted with caution. Pacemaker neurons with different properties are present in slices from older mice and in more intact en bloc preparations. In P7 mice, there are two distinct populations of pacemaker neurons: Cd 2+ -sensitive/hypoxia-sensitive/riluzole-insensitive and Cd 2+ -insensitive/hypoxia-insensitive/riluzole-sensitive , (F. Pena, M. Parkis, and J.-M. Ramirez, unpublished observations). These latter pacemaker neurons are presumably similar to those seen by Del Negro et al. (2002b) and may underlie gasping (Lieske et al. 2000 . In en bloc preparations, preinspiratory neurons with pacemaker properties are found rostral to the preBötC (Ballayni et al. 1999) and could therefore play a role in rhythmogenesis in more intact preparations (see below). Nonetheless, the facts that rhythm remains in thin slices with no obvious sign of pacemaker activity and that a causal relationship between pacemaker activity and rhythm generation remains to be demonstrated warrant the consideration of mechanisms for respiratory rhythm generation that do not depend on endogenous bursting properties. An emergent network-based mechanism ("group pacemaker"), in which ensembles of neurons become rhythmically active through chemical and electrotonic excitatory synaptic interactions (Rekling et al. 2000) , represents one alternative (Rekling & Feldman 1998) .
Are Different Breathing Patterns Generated by PreBötC?
Mammals generate different breathing patterns, including eupnea (the normal resting pattern), sighing (where larger inspiratory efforts ride on top of eupneic breaths), and gasping (large amplitude, short inspiratory efforts interspersed with long expiratory pauses during anoxia). Correlates of these patterns can be elicited in brainstem slice preparations (Lieske et al. 2000) and can be differentiated pharmacologically. Glycine decouples augmented sigh-like from eupneic-like inspiratory bursts, whereas very low concentrations of Cd 2+ abolishes the sigh-like pattern without affecting the eupneic-like rhythm. Anoxia abolishes both the eupneiclike and sigh-like patterns and induces a gasp-like one. These rhythms appear to originate in the preBötC, with overlapping sets of neurons active during each rhythm. Different patterns of output may result from modulation of synaptic or intrinsic properties of, or the coupling between, preBötC neurons (Lieske et al. 2000) . Such an interpretation builds on observations in invertebrates that different motor patterns can be produced by reconfiguration of an existing network via neuromodulation (Marder & Calabrese 1996) . Because reconfiguration in invertebrates is thought to be the consequence of their limited number of neurons, vertebrate breathing may rely on essential circuits with relatively few neurons; for example, there are only ∼600 preBötC NK1R neurons in rats (Gray et al. 2001 , Guyenet et al. 2002a , Liu et al. 2001 , Wang et al. 2001a ).
Other Brainstem Loci as Sites for Rhythm Generation
There are respiratory neurons in the brain stem that are not captured in thin slice preparations, and some of these populations may contribute to rhythm generation in en bloc preparations or in vivo. Neurons with preinspiratory (pre-I) discharge patterns, some with pacemaker-like properties, exist in the medulla mostly ventral and rostral to the preBötC (Onimaru et al. 1989 (Onimaru et al. , 1997 , with many neurons quite close to the ventral medullary surface (Figure 1 ). These neurons may be the kernel for rhythm generation (Ballayni et al. 1999) . Pre-I neurons are distinguished from putative rhythm-generating inspiratory neurons in the preBötC because pre-I neurons are opiate-insensitive (Takeda et al. 2001) , whereas preBötC inspiratory neurons are opiate-sensitive (Gray et al. 1999 , Takeda et al. 2001 . If preBötC opiate-sensitive inspiratory neurons are the sole source of respiratory rhythm, then opioids should cause continuous respiratory slowing in all experimental preparations (Mellen et al. 2003) . This is not the case, however. In en bloc preparations and in neonatal rats in vivo, opioids cause the periods of inspiratory bursting to jump between control period and integer multiples of control period. This quantal slowing may result from failure of phasic drive from pre-I neurons to produce bursting in preBötC inspiratory neurons, whose rhythmogenic function is depressed or eliminated by opioids (Figure 3 ). In vivo, opiates cause inspiratory but not expiratory motor activity to skip breaths (Janczewski & Feldman 2002 , Janczewski et al. 2002 , suggesting that preBötC drives inspiratory activity, whereas the preinspiratory network drives expiratory activity ( Figure 3 ).
The concept of coupled respiratory rhythmogenic networks in mammals is consonant with results from nonmammalian vertebrates. After blockade of synaptic inhibition in an in vitro turtle brainstem, respiratory-related activity is predominantly expiratory . In frog, discrete but synaptically coupled brainstem sites separately generate buccal and pulmonary rhythms (Wilson et al. 2002) . The latter rhythm-generating network lies complete but dormant owing to GABAergic inhibition until the tadpole undergoes metamorphosis and begins air breathing (Straus et al. 2000) . Similar differentiation between upper airway or expiratory and inspiratory pump rhythm-generating networks may be reflected in the anatomical organization of the preBötC and preinspiratory circuits. This organization may reflect distinctly different respiratory mechanics in mammals compared to nonmammalian vertebrates: Mammals are the only class of vertebrates with a diaphragm. The preBötC could underlie inspiration, i.e., the inspiratory-dominated diaphragmatic-oriented breathing pattern, whereas the pre-I neurons could be the principal source for breathing in nonmammalian vertebrates and still play a role in generation of breathing patterns in mammals. Under normal conditions in mammals, these two oscillators are well coordinated but may be dominated by the preBötC.
Developmental Changes in Neuronal Properties Underlying Rhythm Generation
We do not yet understand how closely mechanisms of rhythm generation in vitro represent those in intact, behaving mammals at any age , Rekling & Feldman 1998 . Postnatal developmental changes in networks generating respiratory rhythm may occur, but they must be seamless because they cannot significantly interrupt breathing. Intracellular Cl − concentration changes have been reported in preBötC neurons in early postnatal rodent development (P0-P5) (Ritter & Zhang 2000) , possibly causing depolarizing instead of hyperpolarizing postsynaptic potentials with synaptic GABA or glycine release during the first days of life. Whether these changes occur, and whether they affect rhythm-generating neurons is controversial (Brockhaus & Ballanyi 1998 , Shao & Feldman 1997 
Genetically Altered Mice
Many mice with single gene deletions are born live but die shortly thereafter. Although the specific cause of death is uncertain, the proximate cause of death often appears to be respiratory failure (Katz & Balkowiec 1997) . Interpreting the mechanisms underlying presumed disruptions in respiratory rhythm is a significant challenge because many contributory pathologies must be evaluated. Respiratory patterns are disrupted in mice with restricted expression of genes that regulate rhombomeric development including krox-20 (Borday et al. 1997a , Borday et al. 1997b , Jacquin et al. 1996 , kreisler (Chatonnet et al. 2002) , and the homeobox gene Rnx (Shirasawa et al. 2000) . Such disruptions are also seen in mice deficient in (i) neurotransmitter receptors, e.g., NMDAR1 (Funk et al. 1997 , Sprengel & Single 1999 ; (ii) channels, e.g., a class of voltage-gated Na + channels (PlanellsCases et al. 2000); (iii) trophic factors, e.g., brain-derived neurotrophic factor (BDNF) (Balkowiec & Katz 1998 , Erickson et al. 1996 , Katz & Balkowiec 1997 ; (iv) enzymes associated with neuromodulator function, e.g., monoamine oxidase-A (Bou-Flores et al. 2000); or (v) transcription factors associated with myelin formation (Bermingham et al. 1996) .
Certain gene deletions are associated with alterations in chemosensory pathways. For example, mutations in both BDNF and glial cell line-derived neurotrophic factor (GDNF) profoundly affect the survival of carotid chemosensory neurons in the petrosal ganglion (Erickson et al. 2001 ). Other mutations can alter time-dependent ventilatory responses to hypoxia (Powell et al. 1998 ). Mutations involving endothelin-converting enzyme-1 , nitric oxide synthase-3 (NOS-3) (Kline et al. 2000) , and monoamine oxidase-A (Burnet et al. 2001 ) alter the short-term hypoxic ventilatory response, whereas mutations in γ -glutamyl transpeptidase (Lipton et al. 2001 ) and NOS-1 (Kline et al. 2002a ) alter short-term potentiation. In longer time domains, mutations in NOS-1 impair respiratory long-term facilitation (Kline et al. 2002a) , and dopamine D-2 receptor knockouts are unable to express ventilatory acclimatization to chronic hypoxia (Huey et al. 2000b) . Central CO 2 chemosensory mechanisms are attenuated in mice deficient in the RET proto-oncogene or MASH-1, presumably via effects on cholinergic (Burton et al. 1997) or noradrenergic brainstem neurons (Dauger et al. 1999 .
A major limitation of studies using genomic manipulations is the uncertainty as to whether a developmental anomaly or the postnatal alteration of a specific gene product causes breathing pathologies and whether such pathologies are unique to respiratory neurons or represent a generalized disruption of neuronal function, as would be the case for example with abnormal myelination. However, the future is bright. As marker molecules for key neurons in the central respiratory circuits are identified, they can be used as targets for genetic manipulation. In cases where the targets may be expressed in other parts of the nervous system, e.g., NK1Rs or µORs, strategies involving spatial, e.g., rhombomeric, targeting may prove invaluable. Other techniques, such as targeting neurons at specific sites with toxins or other molecules (Gray et al. 2001 , Nattie & Li 2002b ) may be more useful, particularly in the short term.
Optical Recording
The remarkable fact that the kernel of as basic a behavior as breathing continues in vitro is ripe for exploitation by optical recording techniques. Koshiya & Smith used a Ca 2+ -sensitive dye to visualize neuronal activity in the preBötC, finding neurons that continue to burst rhythmically following synaptic isolation (1999). Onimaru and colleagues recorded population activity from en bloc preparation using voltage-sensitive dyes (Onimaru et al. 1996 , Tokumasu et al. 2001 . Further improvements in the technology will allow experimenters to address questions of cellular properties and network organization that are otherwise impossible to study.
PLASTICITY
Breathing exhibits considerable plasticity (Mitchell & Johnson 2003) elicited by (i) hypoxia or chemoafferent neuron activation (Eldridge & Millhorn 1986 , Powell et al. 1998 ); (ii) abnormal O 2 levels or stress during development (Carroll 2003 , Mitchell & Johnson 2003 ; (iii) exercise (McCrimmon et al. 1995 , Turner et al. 1997 ); (iv) hypercapnia (Baker et al. 2001) ; (v) sensory denervation (Forster 2003 , Forster et al. 2000 , Kinkead et al. 1998 ; (vi) neural injury (Cheng et al. 2002 , Goshgarian 2003 ; and (vii) conditioning (Gallego et al. 2001 , Lukowiak & Syed 1999 . Respiratory neuroplasticity helps to maintain regulatory function in the face of normal development and aging, altered environmental conditions, and cardiopulmonary or brain injury or disease.
While the respiratory control system exhibits a degree of activity-dependent synaptic potentiation and depression over relatively short time domains , McCrimmon et al. 1997 , Zhou et al. 1997 , neuromodulators are necessary for the induction and/or maintenance of most forms of respiratory neuroplasticity, particularly in adults (Mitchell & Johnson 2003) . Several models of adult respiratory plasticity require serotonergic (Baker et al. 2001 , Fuller et al. 2000 , McCrimmon et al. 1995 , dopaminergic (Huey et al. 2000a,b) , or noradrenergic receptor activation , Mitchell & Johnson 2003 ). Here we focus on serotonin-dependent respiratory plasticity because there has been more progress in understanding its cellular and synaptic mechanisms.
Serotonin-Dependent Respiratory Neuroplasticity
A classic model of serotonin-dependent plasticity is of a respiratory defense reflex, the facilitation of the sensorimotor synapse mediating the gill withdrawal reflex in Aplysia (Kandel 2001 , Sutton et al. 2001 . Serotonin is a key element in several other models of respiratory plasticity (McCrimmon et al. 1995 , Mitchell & Johnson 2003 elicited by (i) intermittent hypoxia (Ling et al. 2001 , Prabhakar 2001 ), (ii) hypercapnic exercise (McCrimmon et al. 1995 ), (iii) cervical spinal sensory denervation (Kinkead et al. 1998 ), (iv) chemoafferent denervation (Forster et al. 2000 , Forster 2003 , (v) spinal cord injury Hadley et al. 1999a,b) , (vi) serotonin-induced burst frequency enhancement in in vitro turtle brainstems , and (vii) conditioned responses to pH changes in Aplysia (Levy & Susswein 1999) . Because recent progress has been made in understanding the mechanisms and manifestations of serotonin-dependent respiratory long-term facilitation following intermittent hypoxia, we focus on this model.
Respiratory Long-Term Facilitation (LTF)
Respiratory LTF is a long-lasting increase (>1 h) in ventilation (or respiratory motor nerve activity) that can be produced by hypoxia (Bach & Mitchell 1996) or the physiological surrogate, electrical stimulation of the carotid sinus nerves (Hayashi et al. 1993 , Millhorn et al. 1980b . LTF is a serotonin-dependent central neural mechanism because it is abolished by serotonin receptor antagonists, serotonin depletion, or serotonergic neurotoxicity (Bach & Mitchell 1996 , Millhorn et al. 1980a . LTF is elicited by hypoxia only when presented in an intermittent or episodic pattern (Baker & Mitchell 2000) , demonstrating profound pattern sensitivity similar to other models of plasticity (Baker et al. 2001 , Sutton et al. 2002 .
LTF can be assessed by measuring integrated phrenic and hypoglossal nerve activity in anesthetized, vagotomized, and ventilated rats exposed to three five-minute episodes of hypoxia ( Figure 4A ). Mitchell and colleagues identified several factors that influence LTF in this model, such as age and gender. Compared with 3-4-month-old male Sprague Dawley rats (Fuller et al. 2000) , LTF is attenuated in the phrenic nerve and nearly abolished in the hypoglossal nerve of 12-14-month-old male rats ). In striking contrast, LTF increases with age in female rats and is influenced by the estrus cycle . The age and gender dependence of LTF resembles the age and gender dependence of obstructive sleep apnea in humans (Bixler et al. 2001 ), suggesting a possible link. Although intermittent hypoxia elicits unique forms of respiratory plasticity in neonates , Moss 2000 , LTF has not been studied in this age group. The study of LTF during development is a critical area of research, given the possibility that serotonin-dependent plasticity is involved in respiratory disorders of the newborn (Gaultier 2001 , Kinney et al. 2001 .
Genetics is another important determinant of respiratory LTF because different substrains of Sprague Dawley rats exhibit different behaviors. Sprague Dawley rats from Harlan Colony 236 exhibit greater phrenic LTF than rats from Harlan Colony 205 (Fuller et al. 2000) . Neither Harlan Colony exhibits much LTF in hypoglossal motor output in contrast with Sprague Dawley rats from Charles River/Sasco Colony K62 ). There appear to be substantial differences in the magnitude of phrenic LTF between four inbred rat strains; Brown Norway and PVG strains have lower LTF than either the Lewis or Fischer strains (Bavis et al. 2003) .
Respiratory LTF is also modified by prior experience, i.e., it exhibits metaplasticity. For example, bilateral cervical dorsal rhizotomy increases both hypoxiainduced phrenic LTF and serotonin terminal density near phrenic motoneurons (Kinkead et al. 1998) . Chronic intermittent hypoxia also augments phrenic LTF (Ling et al. 2001) . Although both chronic spinal sensory denervation and chronic intermittent hypoxia elicit functional, morphological, and neurochemical plasticity in breathing, their respective mechanisms of action on respiratory LTF may differ .
LTF following episodic hypoxia in unanesthetized humans and other mammalian species presents a complex picture. In general, LTF is more difficult to detect in awake, unanesthetized animals or humans . Whereas ventilatory LTF has been reported in awake dogs, goats, rats, and ducks (Cao et al. 1992 , Turner et al. 1997 ), it has not been found in awake humans (McEvoy et al. 1996 ). Yet, LTF is observed in sleeping humans with airway flow limitation (Babcock & Badr 1998), which suggests an effect specific to upper airway motor output (Aboubakr et al. 2001 , Shkoukani et al. 2002 . Differences between unanesthetized and anesthetized experimental preparations in the expression of LTF may relate to genetics (species or strain) because awake and anesthetized rats exhibit similar degrees of LTF once differences in CO 2 regulation are accounted for ); data are not available to compare any other species. Other factors may obscure LTF, such as inhibitory feedback from intact vagus nerves (Mateika & Fregosi 1997) , or because raphe serotonergic neurons discharge at or near maximal levels in awake animals thereby limiting their dynamic range . One report indicates that anesthetized, spontaneously breathing rats do not exhibit ventilatory LTF (Janssen & Fregosi 2000) , although this observation may result from the relatively high levels of arterial CO 2 characteristic of this preparation.
A Working Model of LTF
Network ( Figure 4B ) and cellular/synaptic ( Figure 4C ) models of respiratory LTF have been proposed (Bach & Mitchell 1996 , McCrimmon et al. 1995 , Powell et al. 1998 ). The response elements are postulated to be raphe serotonergic neurons, which are activated by chemoafferent neurons or by CNS hypoxia and project to phrenic and hypoglossal motoneurons, as well as premotoneurons and propriobulbar neurons of the ventral respiratory group. Persistent (poststimulation) raphe neuron activation and serotonin release may contribute to LTF for brief periods (Morris et al. 2002 , Morris et al. 2000 . However, because serotonin receptor antagonists block LTF when administered before but not after episodic hypoxia, continued receptor activation is not necessary 15 to 60 min posthypoxia (Fuller et al. 2001b ). Thus, serotonin receptor activation is necessary for the induction, but not the maintenance, of respiratory LTF.
In the model illustrated in Figure 4 , serotonin released by raphe neurons acts predominantly within respiratory motor nuclei. In the case of phrenic LTF, serotonin is hypothesized to act at the bulbospinal inspiratory premotor synapse onto phrenic motoneurons. In support of this hypothesis, intrathecal administration of a serotonin receptor antagonist to the cervical spinal cord attenuates phrenic but not hypoglossal motoneuron LTF (Baker-Herman & Mitchell 2002) . Thus, the serotonin receptors underlying phrenic LTF are located within the spinal cord. Episodic hypoxia also increases the amplitude of short-latency phrenic potentials evoked by stimulation of the lateral funiculus, an effect highly correlated with phrenic LTF (Fuller et al. 2002) , which further supports the idea that spinal cord neuroplasticity contributes to phrenic LTF.
In the scheme illustrated in Figure 4 , raphe neuron activation during episodic hypoxia releases serotonin near respiratory motoneurons, initiating pattern-sensitive cellular and synaptic events that underlie LTF (Bach & Mitchell 1996 , Fuller et al. 2000 . Since the main site of plasticity is at the level of respiratory motoneurons, the predominant manifestation of LTF is a persistent increase in respiratory burst amplitude. However, there is a small and variable LTF of frequency that must arise from effects at other sites (Baker-Herman & Mitchell 2002) .
Because spinal serotonin receptor activation is necessary for the induction but not maintenance of LTF (Fuller et al. 2001b ), repetitive serotonin, presumably 5-HT 2A , receptor activation is hypothesized to initiate intracellular signaling events within respiratory motoneurons leading to synaptic facilitation and LTF (Baker et al. 2001 , Fuller et al. 2000 . In this cellular/synaptic model ( Figure 4C ), signaling molecules activated by 5-HT 2A receptors stimulate translation from existing mRNA, leading to the rapid synthesis of proteins necessary to maintain long-term facilitation (Baker-Herman & Mitchell 2002 . Although the necessary protein (s) is not yet known, a critical role for brain-derived neurotrophic factor (BDNF) is suggested by the observations that (i) intermittent hypoxia increases BDNF concentration in regions near the phrenic motor nucleus; (ii) the magnitude of phrenic LTF correlates with ventral spinal BDNF concentration in individual rats; (iii) spinal administration of K-252a, a tyrosine kinase inhibitor, blocks phrenic LTF; and (iv) intrathecal BDNF administration elicits phrenic, but not hypoglossal, facilitation (T.L. Baker-Herman and G.S. Mitchell, unpublished results). Since BDNF is highly concentrated within phrenic motoneurons (C.B. Mantilla and G.C. Sieck, personal communication), BDNF may be released from phrenic motoneuronal dendrites, strengthening bulbospinal synaptic inputs to phrenic motoneurons leading to LTF. BDNF synthesis ) and release (Balkowiec & Katz 2000) exhibit pattern sensitivity appropriate for an involvement in respiratory LTF. Consequences of BDNF signaling could include (i) increasing glutamate receptor insertion on the postsynaptic membrane (Grosshans et al. 2002 , Malinow & Malenka 2002 ; (ii) phosphorylating glutamate receptors (Czapla et al. 1999 ); (iii) increasing glutamate release (Schinder & Poo 2000) ; and/or (v) decreasing GABA-mediated neurotransmission (Henneberger et al. 2002 ) onto phrenic motoneurons.
There may be a role for nitric oxide in ventilatory LTF because it is not observed in mutant mice deficient in NOS-1 (Kline et al. 2002b) . Although nitric oxide offsets hypoxia-induced respiratory depression during intermittent hypoxia in neonates , it inhibits 5-HT 2 receptor function (NozikGrayck et al. 2002) , decreases BDNF secretion in the hippocampus (Canossa et al. 2002) , and increases with 5-HT 2 receptor activation (Tian et al. 2002) . Thus, NOS knockout mice may lack ventilatory LTF because key elements in the mechanism have been disrupted.
CHEMOSENSITIVITY
Breathing depends on input from chemoreceptors (Ballantyne & Scheid 2001; Nattie 1998 Nattie , 1999 , which provide the essential information about O 2 , CO 2 , and pH. O 2 -sensitive chemoreceptors are external to the brain in the carotid bodies. CO 2 /pH-sensitive chemoreceptors are in the carotid bodies, but major sites are also within the brain (Figure 1 ) and are referred to as central chemoreceptors. CO 2 /pH signals are related to the acid-base status of the blood and brain and reflect the adequacy of breathing relative to metabolism. Small changes in CO 2 /pH can affect breathing. For example, in awake humans at rest, a 1-mm Hg increase in PCO 2 increases ventilation by ∼20%-30%. In vitro, neurons from many brain locations are excited or inhibited by CO 2 /pH (see below), but it has been difficult to link this neuronal chemosensitivity to breathing, i.e., chemoreception, in vivo. Central chemoreceptor sites contain chemosensitive neurons and participate in the control of breathing. They may also contain neurons, or overlap with adjacent sites, that are integrative in function or involved in rhythm and pattern generation, making their experimental study difficult.
What is Sensed and How?
Both intra-and extracellular pH appear to serve as the proximate stimulus for central chemoreception. Extracellular pH may be sensed by respiratory-modulated neurons (Bayliss et al. 2001) , while intracellular pH is sensed in neurons of the locus ceruleus and medullary raphe (Filosa et al. 2002 , Wang et al. 2001b , Washburn et al. 2002 . pH is sensed by many proteins, likely via histidine (Jiang et al. 2001 ), a finding predicted by considerations of acid-base balance in heterotherms (Nattie 1999) . Examples of candidate pH-sensitive proteins present at many chemoreceptor locations include (i) low resistance gap junctions (Dean et al. 2001 , Solomon et al. 2001 ); (ii) TASK channels (Bayliss et al. 2001 , Washburn et al. 2002 ; (iii) inward rectifier K + channels (Jiang et al. 2001) ; and (iv) pH-sensitive membrane ion transport proteins, e.g., the Na + /H + exchange protein subtype 3 (NHE3), which may affect chemosensitivity by altering the degree and timing of intracellular pH changes (Putnam 2001 , Wiemann & Bingmann 2001 . More than one pHsensing function may operate simultaneously. For example, in the pulmonate snail, intracellular pH seems to be the key determinant of chemoreception, but there are at least two pH-sensitive K + channels: one affected by extracellular pH, the other by both intra-and extracellular pH (J. Denton, F. McCann, & J. Leiter, unpublished observations). There is no evidence that CO 2 itself can be sensed, although this is an intriguing possibility.
Where Does Central Chemoreception Occur?
Central chemoreceptor sites are widely distributed within the lower brain (Figure 1 ) (Ballantyne & Scheid 2001; Bernard et al. 1996; Coates et al. 1993; Li et al. 1999; Loeschcke 1982; Nattie 1998 Nattie , 1999 Nattie , 2001 Solomon et al. 2000) . These sites have been identified based on several criteria: s c-fos expression after exposure to high CO 2 levels (Haxhiu et al. 2001 , Haxhiu et al. 1996 , Larnicol et al. 1994 , Okada et al. 2002 , Sato et al. 1992 , Teppema et al. 1997 . Although c-fos expression occurs in many neurons activated by increased CO 2 , its presence alone is not conclusive data that these neurons are chemosensitive, as some activated neurons could be part of the network response, nor does it necessarily label all chemosensitive neurons, as all activated neurons need not express c-fos. s presence of CO 2 -sensitive neurons in vitro (Bayliss et al. 2001 , Dean et al. 1989 , Filosa et al. 2002 , Kawai et al. 1996 , Okada et al. 1993 , Oyamada et al. 1998 , Richerson et al. 2001 , Wang et al. 2001b . Chemosensitivity observed in vitro is not sufficient to demonstrate involvement in the control of breathing but suggests specific experiments in vivo. s focal acidification at these but not other sites stimulates breathing (Bernard et al. 1996 , Coates et al. 1993 , Solomon et al. 2000 , suggesting functional chemoreception. Initial studies in anesthetized animals used focal acidification produced by acetazolamide injections, an effect comparable to an increase in arterial PCO 2 from 40 to 63 mm Hg-a large stimulus (Coates et al. 1993 ). Stimulation at any one site increases ventilatory output by 20%-40% of the increase seen with an equivalent increase in arterial PCO 2 .
The above criteria identify central chemoreceptor sites (Figure 1 ) at (i) nucleus tractus solitarius (NTS); (ii) locus ceruleus; (iii) the midline medullary raphe; (iv) rostral aspect of the ventral respiratory group or the preBötC; (v) the fastigal nucleus; and (vi) regions lying just beneath the ventral medullary surface, especially the retrotrapezoid nucleus (RTN).
Recent efforts to identify sites of central chemoreception have focused on using localized elevations in CO 2 as the stimulus (with smaller focal pH changes) in freely behaving rodents during wakefulness and sleep. Microdialysis of a CO 2 -rich solution produces a focal pH change equivalent to a 6.6 mmHg increase in arterial PCO 2 . These studies have revealed a remarkable degree of site and state dependence in the responses. Local acidification in the retrotrapezoid nucleus increases breathing by 24% in wakefulness but has no affect during sleep (Li et al. 1999 ). In the medullary raphe, breathing increases by 15%-20% during NREM sleep only ). In the caudal NTS, local acidification increases breathing by 16% in sleep and 28% in wakefulness (Nattie & Li 2002a ). These results suggest that different sets of central chemoreceptor sites are effective in sleep and wakefulness, at least at these low stimulus intensities. This is unexpected because the lower overall CO 2 sensitivity observed in sleep as compared to wakefulness has been attributed to sleep-related effects at all chemoreceptor sites. Since a 6.6-mm Hg increase in systemic CO 2 increases ventilation by 120%, a response much greater than produced by any of the single sites examined so far , no one site appears to account for the high overall sensitivity of breathing to small changes in systemic CO 2 , the CO 2 response.
Focal Disruption
A complementary approach to understanding chemoreception is by examination of the systemic CO 2 response, i.e., the change in ventilation produced by an increase in systemic CO 2 , after inhibiting or destroying neurons at putative central chemoreceptor sites. The CO 2 response of intact animals is reduced by (i) cooling the ventrolateral medullary surface near the region of the retrotrapezoid nucleus (Forster et al. 1997) ; (ii) neurotoxin-induced lesions of the NTS (Berger & Cooney 1982) ; the medullary raphe (Dreshaj et al. 1998) or the retrotrapezoid nucleus (Akilesh et al. 1997) ; and (iii) muscimol inhibition of the retrotrapezoid nucleus ) and medullary raphe (Messier et al. 2002) . However, disruption of any single site does not abolish the CO 2 response.
Cell-specific lesioning using SAP-conjugated toxins, as described above, is a useful extension of these techniques. NK1Rs, useful in demarking the preBötC within the ventral respiratory column, are also present at all central chemoreceptor sites (Nattie 2001 , Nattie & Li 2002b ). An SP-SAP-induced reduction of NK1R immunoreactivity by 44% in the RTN/parapyramidal region decreases the CO 2 response by 28%-30% in both sleep and wakefulness ( Figure 5) . Destruction of >75% of NK1R neurons by SP-SAP injection in the preBötC decreases the CO 2 response substantially (Gray et al. 2001) . Substantial destruction of medullary raphe serotonergic neurons by injection of SERT-SAP (a saporin conjugate with a serotonin transport protein antibody) decreases the CO 2 response by 18%-24% in sleep and wakefulness . A complicating factor in the interpretation of these experiments is the difficulty in separating chemosensitivity per se from integrative and rhythm-or pattern-generating functions, which may be performed by the same or adjacent neurons. Focal stimulation by CO 2 produces a response initiated by chemosensitive neurons. Lesions destroy these neurons but likely also affect neurons involved with other aspects of the control of breathing. In fact, chemosensitive neurons may themselves serve integrative or rhythm-and patterngenerating functions. Better phenotypic description of chemosensitive neurons in vitro will lead to more specific tools for use in vivo, which will allow differentiation of chemosensitive from other neuronal functions. Of interest is that bilateral lesions of NK1R neurons in the preBötC (Gray et al. 2001 ) and in the RTN/parapyramidal region (Nattie & Li 2002b ) cause hypoventilation, with a rise in arterial CO 2 in wakefulness. The fact that the remaining chemoreceptor sites cannot restore CO 2 to normal levels reinforces the inference that multiple chemoreceptor sites maintain normal thresholds and sensitivities to CO 2 (Forster et al. 1997 ).
Perivascular Role
Central chemosensitive neurons may be responsive to brain vascular CO 2 and pH. In the neonatal rat brainstem, processes from dye-filled chemosensitive neurons project to pial blood vessels (Kawai et al. 1996) . In CO 2 -exposed rats, c-fos positive neurons are in close proximity to large vessels (Haxhiu et al. 2001 , Okada et al. 2002 , as are serotonergic neurons (Bradley et al. 2002) , which are chemosensitive in vitro (Bradley et al. 2002 , Richerson et al. 2001 , Wang et al. 2001b . Given the high diffusivity of CO 2 , this proximity to large vessels suggests that these chemoreceptors are responsive to changes in blood pH or perhaps to rapid changes in CO 2 produced in a breath-to-breath manner (Millhorn et al. 1984) .
Is Chemosensitivity a Unique Property?
When first discovered, central chemoreception was considered a unique property of specialized neurons with tonic firing patterns at the ventral medullary surface. Recent work indicates that neurons at other brainstem sites directly linked to the control of breathing are involved in chemosensitivity. In the rostral ventral medulla, inhibition of glutamate and muscarinic receptors (Nattie 1999) , or P2X 2 receptors (Thomas et al. 1999 ), or stimulation of GABA A receptors all decrease the CO 2 response. Focal stimulation by CO 2 provides evidence for chemoreception in the retrotrapezoid nucleus (Nattie & Li 2002b) , NTS (Nattie & Li 2002a) , rostral ventral respiratory group (Nattie 1999) , and preBötC (Solomon et al. 2000) -regions that contain respiratory premotor and motor neurons.
Serotonergic and noradrenergic medullary neurons are involved in state-dependent modulation of sensorimotor and autonomic function as well as neuronal plasticity (see above). Serotonergic neurons are important in normal growth and development of respiratory motoneurons (Edagawa et al. 2001 , Hilaire & Duron 1999 . These monoamine-containing neurons are also chemosensitive and involved with chemoreception. In the caudal medullary raphe (i) single neurons are excited by CO 2 in vitro (Wang et al. 2001b ), (ii) focal acidification of the raphe stimulates breathing in vivo (Bernard et al. 1996) but only during sleep , and (iii) nonspecific lesion or focal inhibition of the medullary raphe (Dreshaj et al. 1998 , Messier et al. 2002 and specific killing of medullary serotonergic neurons by injection of SERT-SAP in the rat all decrease the CO 2 response. In the locus ceruleus, norepinephrine-containing neurons express c-fos after systemic CO 2 stimulation (Haxhiu et al. 2001) and are excited by CO 2 in vitro (Filosa et al. 2002) . Stimulation of the locus ceruleus by focal acidosis increases breathing in anesthetized rats (Coates et al. 1993 ). We do not know the relative importance in central chemoreception of the medullary raphe and locus ceruleus in comparison to that of chemoreceptor regions that contain respiratory premotor and motor neurons.
Why then are there so many chemoreceptor sites? Central chemoreception may be organized in a hierarchical manner like that proposed for temperature regulation (Nattie 2001 , Satinoff 1978 . In this concept, in evolution, as the nervous system becomes progressively more complex and capable, additional central chemoreceptor sites provide a more sophisticated control system. Presumably, new sites developed in parallel with or as part of major steps in vertebrate evolution, e.g., air breathing, homeothermy, and sleep. Although there are widely distributed central chemoreceptor sites, we do not know how they function relative to each other, whether there is some type of top-down organization, and, if so, which sites are dominant.
RESPIRATORY RHYTHMICITY, PLASTICITY, AND CHEMOSENSITIVITY: BIOLOGICAL AND CLINICAL SIGNIFICANCE
There are few systemic brain functions more fundamental to life than breathing. Defects in the neural mechanisms of respiratory rhythm generation, central chemoreception, or respiratory plasticity may play critical roles in the etiology of multiple respiratory control disorders.
Sudden Infant Death Syndrome (SIDS), the greatest cause of human death in the first 12 months of life, is commonly suspected to result from respiratory failure during sleep. A large subset of children who have died from SIDS exhibit abnormalities in kainate, muscarinic, and serotonergic receptor binding in brainstem regions homologous with known central chemoreceptor locations in nonprimate mammals (Kinney et al. 1995 , Panigrahy et al. 1997 . Current emphasis has been placed on defects in serotonergic neurons as a causative factor in SIDS (Kinney et al. 2001) . These neurons are chemosensitive in vitro (Bradley et al. 2002 , Richerson et al. 2001 , Wang et al. 2001b , and in newborn piglets, their inhibition depresses CO 2 responses and disrupts sleep , Messier et al. 2002 . Defects in serotonergic neurons may also suggest inadequate serotonin-dependent developmental plasticity in the respiratory control system because serotonin modulates development in many regions of the nervous system (Edagawa et al. 2001 , Hilaire & Duron 1999 . Multiple abnormalities in autonomic and respiratory control, including defects in central chemoreception and serotonin-dependent plasticity, may emerge with disruption of medullary serotonergic neurons. These abnormalities may make an infant less able to respond to physiological stresses that are encountered during sleep, such as increased inspired PCO 2 when breathing face down in soft bedding, or decreased arterial PO 2 produced by sleep-related airway obstruction.
Sleep-disordered breathing or sleep apnea is the periodic cessation of breathing (apnea) during sleep. Approximately 5% of middle-aged males (Bixler et al. 2001 ) and 2% of children have sleep-disordered breathing (Gaultier 2001 , O'Brien & Gozal 2002 . Sleep apnea is associated with significant comorbidity including hypertension, insomnia, depression, an increased incidence of automobile accidents (Young et al. 2002) , as well as hyperactivity and learning deficits , Row et al. 2002 . Sleep apnea is associated with age-related defects in the serotonergic nervous system (Kubin et al. 1998 , Nakano et al. 2001 , Veasey et al. 2001 , which could underlie deficits in upper airway tone during sleep.
Central chemoreception is absent or reduced in children with Congenital Central Hypoventilation Syndrome (CCHS) (Spengler et al. 2001) , a rare condition with about 200 cases recognized today. These children function relatively normally during wakefulness but require ventilatory support during sleep to avoid very high CO 2 and low O 2 levels secondary to inadequate breathing. The abnormality is unknown. This experiment of Nature suggests a special importance for central chemoreception during sleep.
Respiratory insufficiency is the major cause of morbidity and mortality in spinally injured patients (Ramer et al. 2000) . Serotonin-dependent plasticity may play critical roles in spontaneous and induced functional recovery following spinal cord injury , Hadley et al. 1999a . Additional respiratory disorders have implicated serotonin in their pathophysiological mechanism, including panic anxiety hyperventilation disorders (Klein 1996) and ventilatory instability in Rett Syndrome (Dunn & MacLeod 2001) . By harnessing or augmenting serotonindependent plasticity, more effective therapeutic strategies for these devastating respiratory control disorders may be possible.
CONCLUSION
Around 350 B.C. Aristotle (1995) wrote "A few of the earlier philosophers have dealt with respiration; some of them have offered no explanation. . .; others have discussed it without much insight and with insufficient experience of the facts." We are confident that we have gone beyond this. Considerable data continue to point to the preBötC as an essential element of the system generating respiratory rhythm. Whether it is the principal site for rhythm generation, one of multiple sites, or just a part of a much larger complex remains to be established. Specific patterns of receptor expression in the preBötC will provide a basis for understanding its function. As yet, we do not understand the neural mechanisms that underlie rhythm generation-they are up for grabs. Eupnea, sighing, and gasping are breathing patterns that may be generated by a single neural network that undergoes reconfiguration to meet different behavioral needs. The notion that pacemaker neurons drive the normal rhythm remains unsubstantiated, and there are data suggesting that it is not the case. These issues remain rich areas for investigation.
Respiratory neuroplasticity triggered by physiological perturbations such as episodic hypoxia, repeated exercise, or neural injury has only recently been appreciated. In adult mammals, serotonin-dependent plasticity appears to play a prominent role. We now have a model that allows detailed studies of the cellular and synaptic mechanisms, which gives rise to system plasticity, i.e., respiratory long-term facilitation. Extensive research on LTF and other forms of respiratory plasticity is needed, to advance both our understanding of the respiratory system and neuroplasticity in general.
A new view of central chemoreception as a widely distributed system has emerged. Discrete sites, sensitive to small pH changes in a state-dependent manner, act in concert to establish system sensitivity. Different combinations of chemosensitive sites operate in wakefulness and sleep, providing adequate chemoreception in the face of changing arousal state. Many cell types and molecular mechanisms are involved in the process of chemoreception. The unexpected complexity of this chemosensory system suggests that there remains much to learn about its function.
A thorough understanding of respiratory rhythm generation, plasticity, and chemoreception is essential before it will be possible to understand the etiology of devastating respiratory disorders such as SIDS and obstructive sleep apnea. Such understanding may provide the rationale for new therapeutic strategies for these and other, seemingly unrelated disorders that cause respiratory insufficiency, such as Rett Syndrome, spinal cord injury, or anxiety/hyperventilation disorders.
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The authors' work was supported by the National Institutes of Health (HL 37941, 40959, 65383, 69064, 28066, 53319, NICHD 36379, and NS 24742) only the preBötC is present, driving inspiratory activity. In en bloc preparations and in vivo (middle), the two populations interact seamlessly, producing a coordinated respiratory pattern of inspiratory and expiratory activity. When µ-opiates are added (bottom), preBötC neurons are hyperpolarized, whereas pre-I neurons are unaffected. Expiratory activity therefore continues uninterrupted, but inspiratory activity skips cycles because the preBötC rhythmogenicity is lost and its responsiveness to rhythmic drive from the pre-I network is depressed, leading to transmission failure. Based on Janczewski et al. 2002 , Mellen et al. 2002 .
Figure 4
Working models of phrenic long-term facilitation (LTF). In the upper trace (A) integrated bursts of phrenic neural activity are shown before, during, and after episodic hypoxia (3 episodes, 5 min of 11% O 2 with 5 min interval) in an anesthetized, paralyzed, vagotomized, pump-ventilated 3-4-month-old male rat (tracing modified from Zabka et al. 2001a ). In (B), a network model of respiratory LTF is illustrated with a simple schematic indicating the relevant anatomical projections (after Bach et al. 1996) . In the network model, raphe serotonergic neurons are activated during intermittent hypoxia, releasing serotonin in the vicinity of brainstem respiratory neurons as well as spinal motoneurons. The relevant serotonin receptors for LTF are proposed to be within the respective motor nuclei, i.e., within the spinal cord for phrenic LTF. A schematic of the cellular and synaptic consequences of serotonin release within the phrenic motor nucleus during intermittent hypoxia is shown in (C). Serotonin release in the vicinity of phrenic dendrites activates 5-HT 2A receptors, thereby activating intracellular signaling molecules, e.g., kinases. The relevant signaling molecules initiate BDNF protein synthesis, presumably from existing BDNF mRNA. Subsequent BDNF release from the phrenic dendrites may activate pre-or postsynaptic tyrosine kinase B (TrkB) receptors, leading to enhanced function at glutamatergic synapses that transmit respiratory drive, or by inhibiting synaptic (GABA) inhibition.
